Continuous-wave Raman amplification in silicon waveguides with negative electrical power dissipation is reported. It is shown that a p-n junction can simultaneously achieve carrier sweep-out leading to net continuous-wave gain, and electrical power generation. The approach is also applicable to silicon Raman lasers and other third-order nonlinear optical devices.
devices the optical amplifier has the highest power dissipation. To the date, Raman amplification has been the most successful approach for achieving both amplification and lasing in silicon. 5−12 The main limitation of the silicon Raman amplifier is the optical loss caused by scattering from free carriers that are generated when the high intensity pump causes two photon absorption (TPA). 10, 13 To achieve net continuous-wave gain, a reverse biased p-n junction can be used to sweep the carriers out of the waveguide core. 10−13 However, this comes at the expense of significant electrical power dissipation.
14 The present work addresses this power dissipation in silicon Raman amplifiers. It is shown that at moderate gain levels, it is not only possible to avoid the power dissipation, but also to extract net electrical power from the device. The net electrical power generation is achieved by operating a p-n junction diode, which straddles the waveguide, in the fourth quadrant of its current-voltage (I-V) characteristics. In this mode, the TPAgenerated carriers are swept out by the built-in field of the junction, yet the Higher reverse voltages do not increase the gain considerably, which may be due to saturation of the drift velocity. This argument is supported by the fact that for a p-and n-well separation of 5.3 µm in the device, the average electric field at 15 V is equal to the peak electric field value of 3×10 4 V/cm in silicon. It is also observed that an on-off Raman gain of 2.7 dB is attained when the diode is short-circuit (0 V). This corresponds to a net Raman gain of 1.2 dB, which is higher than our previous report at zero bias where no lateral mode-converting tapers was involved.
15
As seen in Fig. 2 , on-off Raman gains as high as 2 dB is measured when the device is forward-biased at voltages ≤0.7 V. The importance of this bias-5 ing regime is that power dissipation is negative. Figure 3 shows the generated power for biases of 0.6 and 0.7 V at different pump intensities, extracted from the measured current and voltage drop across the diode. The TPA-induced photovoltaic effect is also clearly evident in the measured I-V characteristics presented in Fig. 4 . The attenuated pump intensity via TPA creates free carriers in the SOI waveguide. The collected photogenerated carriers contribute to a current component that delivers electrical power to the external circuitry. Therefore, the sweep-out of TPA generated free carriers can be exploited to generate electrical power.
Sweep-out of carriers and reduction of the effective lifetime has been the motivation for utilizing a reverse-biased p-n junction in Raman amplifiers.
10−13
The forward-bias employed in the present work might seem counterintuitive.
However, it should be reminded that reduction of the effective lifetime can be achieved as long as the diode current is negative. In other words, a negative voltage is not a prerequisite for carrier sweep-out. We conducted 2-D numerical drift-diffusion simulations on structures identical to the fabricated devices using ATLAS (from Silvaco International), according to a methodology described elsewhere. We now discuss the main limitation of the proposed approach. At very high optical intensities, the built-in field of the junction is insufficient to remove the high density of TPA-generated carriers. In such cases, a reverse bias needs to be applied to increase the field resulting in positive electrical power dissipation. Therefore, there exists a tradeoff between the amount of gain (and hence output power) and the electrical power generation/dissipation.
Finally, high pump intensities, and hence TPA, are also encountered in other silicon photonic devices that operate based on third-order nonlinear effects such as Raman lasers 9,12 as well as in Raman and Kerr-based wavelength converters. 16−18 Hence, the present approach is also applicable in these devices.
In conclusion, two photon absorption and the resulting free carrier scattering are omnipresent problems in silicon photonic devices that operate based on nonlinear optical interactions. It is shown that active removal of these carriers can be achieved while generating modest amount of electrical power.
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